We report development and application of 3D structured nano-microfluidic devices that were produced via soft lithography with poly(dimethylsiloxane). The procedure does not rely on hazardous or time-consuming production steps. Here, the nanochannels were created by channel-spanning ridges that reduce the flow height of the microchannel. Several realizations of the ridge layout and nanochannel height are demonstrated, depicting the high potential of this technique. The nanochannels proved to be stable even for width-to-height aspect ratios of 873:1. Additionally, an application of these submicrometer structures is presented with a new technique of a dielectrophoretic mobility shift assay (DEMSA). The DEMSA was used to detect different DNA variants, e.g. protein-DNA-complexes, via a shift in (dielectrophoretically retarded) migration velocities within an array of nanoslits.
Introduction
Applications with nanochannels are of considerable interest due to their favorable size-based characteristics. The surfaceto-volume ratio becomes one of the most prominent aspects when typical length scales are in the micrometer or nanometer range. As a consequence, the adsorption rates dramatically increase. This is relevant in applications for chemical and biological detection, when surface-immobilized receptor molecules are used [1] . In contrast to receptor-based detection, label-free detection of biomolecules is of special interest to preserve biological activity. Here, nanochannels can serve as Coulter counter devices for label-free detection of DNA or proteins bound to DNA strands [2] [3] [4] [5] . Therefore, two separate regions are connected by a nanochannel where an electric voltage is applied. The current is monitored and for a biomolecule entering the nanochannel the current changes characteristically [2] [3] [4] [5] .
Besides detection of macromolecules, analytical or preparative separation is another field of research in nanofluidic devices. In 2000, Han et al presented separation of DNA based on an entropic ratchet in a nano-microfluidic device [6] . Regtmeier et al used an overlapping Debye layer in a nanofluidic channel to separate nanobeads [7] . As recently reviewed, structuring of microfluidic channels with (nanofluidic) constrictions allows non-invasive manipulation via dielectrophoresis (DEP), e.g. for analytical separation [8] . DEP is the migration of a polarizable particle within an inhomogeneous electric field E. The dielectrophoretic potential W DEP scales quadratically with the electric field, W DEP = − 1 2 α E 2 , where α denotes the electric polarizability. So in the vicinity of nanochannels with sharp and welldefined edges, the dielectrophoretic potential increases dramatically, opening the field of new methods for trapping and manipulation of bioanalytes, like small DNA fragments or proteins [8] . Here, we present a new technique to investigate/detect DNA-complexes by exploiting DEP at nanoslits.
Apart from the analytical and preparative applications, nanochannels yield insights into new physical phenomena. For example the anomalous I-V characteristics, based on the Debye layer overlap in nanochannels, is known for several decades but the underlying physics is still poorly understood [9] . Therefore, the wide field of using small nanochannels in nano-and microfluidics is of very high and actual interest of research.
Up to now, the precise and reproducible fabrication of nanochannels is challenging. Most of the nanochannels are custom made by chemical or physical etching [3] . Here, we present a nanofluidic device that is monolithically fabricated by soft lithography with poly(dimethylsiloxane) (PDMS). Soft lithography allows for a fast chip development in one day and subsequent chip production within a few hours, without the use of hazardous acids or bases or time-consuming physical etching like focus-ion-beam etching [10, 11] . Here, PDMS was used because of its dedicated material properties. It is biocompatible, gas permeable and electrically insulating and exhibits remarkable mechanical and chemical stability [12, 13] . Additionally, PDMS is transparent in the visible spectrum, 300-700 nm [14] , allowing monitoring of dye-labeled molecules within the nano-microfluidic channel. By adding carbon black particles to the PDMS, Hellmich et al could demonstrate a native label-free UV-LIF detection of amino acids and proteins [15] . Last but not the least, PDMS chips are very cheap with an averaged cost of US$ 0.47 per device, with respect to the raw material costs and effort it takes to produce the device [16] .
In this paper, first, we present the fabrication of nanochannels by soft lithography with PDMS, followed by the characterization of the channel dimensions and subsequent passability experiments. We could demonstrate the fabrication of stable nanochannels with a maximum width-to-height aspect ratio of 873:1, which was an improvement by a factor of 14.5 compared to earlier published papers [17] .
With these miniaturized devices it became possible to detect DNA-complexes gel-free and virtually label-free by DEP in an array of nanoslits. More precisely, two variants of DNA were subsequently driven through the array and dielectrophoretically retarded. By the analysis of the migration velocity, a shift between the DNA variants could be determined. The new method was termed as dielectrophoretic mobility shift assay (DEMSA) in analogy to the wellestablished technique of electrophoretic mobility shift assays [18] . DNA of different lengths and DNA-complexes with molecules of interest, either the cancer drug actinomycin D or Escherichia coli RNA polymerase core enzyme (RNAP), were investigated with the DEMSA.
Since our microfluidic methodology does not rely on classical filtration/separation, shear-force-associated analyte deterioration could be reduced to a minimum. Together with the fact that our approach is inherently independent of toxic agents, future applications in molecular biotechnology and medicine can be implemented in more compliant way with respect to the concerns of safety regulation in drug administration.
Methods

Fabrication of the device
The microfluidic devices, consisting of a crossinjector and one or more insulating, channel-spanning ridges (see figure 1), were fabricated via soft lithography. Briefly, a masterwafer was developed, consisting of the negative relief structure of the channel design. In order to produce an inverted structure, liquid polymer was cast over the masterwafer, thermo-cured and peeled off. Afterward, the structures were cut out and reservoir holes were punched at the channel ends. After assembling with a PDMS-coated coverslip, the chips were filled with buffer [19] .
The negative relief structure of the channel layout was build on a silicone wafer (CrysTec, Germany) by two-step contact lithography. Before, the silicone wafer was purified in peroxymonosulfuric acid for 5 min twice and rinsed afterward with deionized water. In the first lithographic step, the height of the nanoslit was defined. Therefore, SU-8(50) photoresist (Microresist, solid fraction 69%, Germany) was diluted with GBL thinner (Microresist, Germany) due to supplier's information and spin coated (Spincoater ST147, Convac, Germany), with solid fraction and spincoating parameters accordingly to constriction height (see table 1 ). After a pre-exposure bake, the photoresist was illuminated through a chromium photomask (Delta Mask, The Netherlands) in a mask aligner (MJB3, Süss MicroTec, Germany). After postbake, the photoresist was developed in MR-dev 600 (Microresist, Germany) for 1 min, rinsed with acetone (p.a.) and isopropyl alcohol (p.a.) (both obtained from VWR, Germany) and dried with nitrogen afterward. The height of the structure was determined in a DekTak profilometer 3030 ST (Stanford Nanofabrication Facility Equipment, USA).
The second layer of SU-8 photoresist consists of 52% solid fraction for all the devices used; it was spin coated with 3000 rpm for 30 s, resulting in about 5 μm structure height. Again, a pre-exposure bake was performed. Afterward, the photoresist was illuminated (for 7 s) through a second chromium photomask, carefully aligned in the maskaligner using positioning crosses as references. The photoresist was developed for 1 min after post-exposure bake. The second layer defines the layout of the ridge and the free channel height (see figure 1(a)). After terminal hardbake, the masterwafer was silanized with tridecafluor-1,1,2,2-tetrahydrooctyltrichlorsilane (Merck, Germany). All baking and illumination procedures (i.e. time and temperature) were according to supplier's information.
A double layer of hard PDMS (h-PDMS) [20] , 3.4 g vinylmethylsiloxane-dimethylsiloxane-trimethylsiloxy terminated copolymer, 18 μl platin-divinyltetramethylsiloxane (both from ABCR, Germany)), 50 μl 2,4,6, 8-tetramethyl-2,4,6,8-tetravinylcyclo-tetrasiloxane (SigmaAldrich,Germany), and Sylgard 184 (PDMS), 6.8 g of polymer and 0.68 g of linker (both from Dow Corning, USA), turn out to be successful for stable molding of the device. The h-PDMS was spin coated at 1500 rpm for 10 s and placed on a hot plate (HAT-303D, AVT-Technology Munich, Germany) at 65
• C for 15 min. Afterward, the liquid PDMS was poured on the wafer and cured at 65
• C for 40 min. The channel structures were cut out after peel-off and reservoir holes were punched at the channel ends. After cleaning successively in acetone, ethanol and deionized water, the PDMS slabs and PDMS-coated coverslips were dried with nitrogen and oxidized in a home-made plasma chamber [21] . The PDMS slabs were assembled with the coverslips subsequent to the plasma oxidization. After 30 min, the chip could be filled with running buffer. We used 1 mM phosphate buffer containing n-dodecyl-β-D-maltoside and methyl cellulose (DDM-MC) (Sigma, Germany) [22] , and incubated for 30 min before the experiments were performed.
Dielectrophoretic mobility shift assay (DEMSA)
DEP is referred to as the migration of a polarizable particle within an inhomogeneous electric field. The necessary inhomogeneous electric fields can be generated at insulating structured elements (obstacles), inter alia, also called insulating or electrodeless dielectrophoresis (eDEP) [8, [23] [24] [25] [26] . The resulting force acting on a particle with polarizability α can be written as F DEP = α( E · ∇) E, with the electric field E. For a spherical, homogeneous particle, the polarizability scales cubical to the particle radius [8] . As a consequence, manipulation of nano-objects, like small DNA or proteins via eDEP, requires the development of challenging devices with a rather large electric field gradient. Here, we used insulating ridges (figure 1(c)) creating nanoslits with a height of 580 nm in order to generate adequate electric field gradients for successful manipulation of small DNA molecules (less than 7.0 kbp). The electric field at a defined region depends in a distinct manner on the channel width and height. Thus, for fixed microchannel dimensions, the width-to-height aspect ratio allows a characterization of the dielectrophoretic manipulation at a nanoslit.
Experimentally, a superposition of dc and ac voltages, U (t ) = U dc + U ac cos(ωt ), was used to move the DNA molecules electrophoretically through a dielectrophoretic potential landscape. The dc voltages move the DNA due to electrophoresis, whereas the ac voltage generates a dielectrophoretic potential at each nanoslit. For appropriate ac and dc voltages the dielectrophoretic force overcomes the electrophoretic motion, i.e. the molecules are (temporarily) dielectrophoretically trapped [21, 27] and retarded. The ac voltages were set such that the trapped molecules could escape due to thermal energy. In consequence, the migration velocity was decreased.
Theoretically, the mean lifetime τ within a DEP trap potential can be described by the inverse Kramers rate
(for details refer to [21] ). The dielectrophoretic potential W DEP = − 1 2 α E 2 is proportional to the polarizability of the DNA. For DNA molecules, the polarizability depends on the molecules length (see [28] for details) as well as on charged molecules that intercalate or bind to the DNA strand [29] . Accordingly, the mean trapping time τ varies for different DNA lengths and DNA-complexes. So, for the investigation of the migration velocity of different DNA variants in an array of insulating obstacles a shift could be detected between the variants (see figure 4) . We termed this new technique DEMSA. The DEMSA was exploited to distinguish between different species of DNA or DNA-complexes. Therefore, analytes were subsequently driven through an array of ridges and the migration velocities were determined by the time needed for passing a defined length for each analyte of interest.
Upon introducing a new technique, a comparison with established techniques is required. Thus, the DEMSA was compared with electrophoretic mobility shift assay (EMSA), which is the most used technique to investigate DNAcomplex formation and determine dissociation rates. In EMSA, electrophoretic migration velocities are investigated to detect DNA-complex formation or investigate binding kinetics [18] . In contrast to the new technique of DEMSA, where the analytes are subsequently driven, for EMSA experiments typically two lanes in an agarose gel are used, one with pure DNA as a reference and the second lane with the DNA and the anticipated binding partner. Due to higher retention of one compound a shift is observed, i.e. one analyte migrates more slowly and a complex formation is assumed [18] . The selectivity criterion is the pore size of the agarose gel that is adjustable only preliminary to the experiment by the agarose concentration, whereas for the DEMSA the selectivity is adjustable by the applied ac voltages and is therefore easy to adapt. According to EMSAs, DEMSAs can be used to detect complex formation or binding constants.
Experimental procedure
The passability for various nanoslit heights and layouts (see the results) was checked. Additionally, DEMSAs as well as EMSAs were performed with DNA and DNA-complexes. In order to check for unspecific adsorption of polystyrene beads or DNA to the nanoslit surface, the nanoslits were inspected after experiments. The inspection revealed that no analyte adsorbed to the surface of the nanoslit, supporting the concept to prevent unspecific adsorption by DDM-MC [22] .
For the passability experiments we used fluorescent labeled, carboxylated polystyrene beads (Invitrogen, USA) with diameter of 500 nm for nanoslit heights of 510 nm to 670 nm and beads with diameter of 100 nm for nanoslit heights of 180 nm and 125 nm. The DEMSA experiments were performed with 6.0 kbp DNA (MBBL GmbH, Germany) and 2.686 kbp DNA (homemade). YOYO-1 (Invitrogen, USA) was used to fluorescently label the DNA molecules, 1 YOYO-1 per ten DNA base pairs. For the DNA-complexes actinomycin D (MW 384 kDa, ratio of one ACTD per five DNA base pair) or E. coli RNAP core Enzyme (Epicentre Biotechnologies, USA, MW 389 kDa) were added (0.1 mg DNA, 0.5 mg polymerase) and incubated on a Vortexer (0-level) for 2 h. For all chip experiments the DNA was diluted to 10 pM concentration with running buffer.
An inverted fluorescent microscope (Axiovert 200, Zeiss, Germany) was used with a CCD sensicam qe (PCO, Germany). A 100-fold oil immersion objective (Zeiss, Plan Neofluar, NA 1.3) was used for experiments with DNA and 100 nm polystyrene beads, whereas for experiments with 500 nm polystyrene beads a 40-fold objective was used. The chip was mounted on a motorized x/y-stage (99S008, Ludl Electronic Products, USA). DaVis 6.2 was used for image acquisition (10 frames s −1 , eightfold binning) and ImageJ 1.43 for image post-processing. For electric contacting and to enlarge the reservoirs a plexiglass with reservoirs and platinum electrodes was placed on the chip. The dc voltages were generated with power supplies from FUG (HCL 14-12500, Germany). AC voltages were generated with a DS 345 function generator from Stanford Research Systems, USA, and 100-fold amplified with an AMS-1B30 amplifier (Matsusada Precision, Japan). The applied voltages and frequencies were controlled via custommade LabView 6i programs.
For the passability experiments the polystyrene beads were electrophoretically driven by applying dc voltages, about figure 1(c) ). Fluorescence image sequences were taken at the ridge monitoring the beads passing the nanoslit. A pinched injection protocol [30] was used for the DEMSAs. First, dc voltages at channels 1, 2 and 3 were set such that the DNA molecules migrate from reservoir 3 to channel 4 without leaking into channels 1 and 2. In the second step an ac voltage is superimposed by a dc voltage, both applied at channel 1, to drive a defined volume of DNA solution into channel 2 and to create selective dielectrophoretic traps at the ridges simultaneously. Fluorescence image sequences of molecules passing several ridges were taken and the fluorescence intensity was monitored in a defined region of interest between two ridges. Afterward, the fluorescence intensity was plotted versus the time to detect a shift between two different sorts of molecules (see also figure 4 ).
For the EMSA experiments, the sample preparation was the same as for the chip experiments, excluding the sample dilution. The gel electrophoresis was performed in a 1.2% agarose gel with a onefold TAE buffer (40 mM Tris (99%, Roth, Germany), 10 mM NaCl (Riedel-de-Haen, Germany) and 1 mM EDTA). DNA of 100 ng were pipetted with the same amount of loading buffer (TE/G buffer, MBBL GmbH, Germany) into the wells and 333 V m −1 (Power PAC 3000, BIO RAD, USA) were applied for 3 h. Thereafter, the gel was placed into an ethidium bromide (Merck, Germany) bath for 5 min and then in a water bath for 10 min. Finally, the gel was photographed under UV light (3UV-38 3UV LAMP, UVP, Cambridge, UK).
Results and discussion
As already mentioned in section 2.1 the thickness of the SU-8 layer varies with the amount of solid fraction and the parameters of the spincoating procedure. In table 1, the layer thickness is shown for various parameters. The layer height was controlled with a profilometer (see figure 2) . For the first SU-8 layer, an error of ±15 nm was determined. So the height of the nanoslit could be defined by an accuracy of 15 nm. For the second layer SU-8 of 52% solid fraction was spin coated at 3000 rpm for 30 s for all devices. The thickness of the second layer was 5 μm, whereas the total structure height varies between 5.7 and 5.2 μm due to the height of the first layer. The resulting aspect ratios of the produced nanochannels are summarized in table 2.
The whole developing process was done by hand, so the second photomask was not always perfectly aligned to the first layer resulting in a lateral displacement or tilting. In figures 2 (e) and (g) a displacement of the two layers is visible. For most of the produced masterwafers, the second layer fitted perfectly to the first, see figures 2(d) and ( f ). Here, all nanochannels in a specific device had the same height. But even structures of higher complexity can be built since additional contact lithographic steps are possible, as well. The subsequent monolithic soft lithographic production would not alter anyway. The masterwafer was silanized after the terminal hard bake (see section 2.1) to prevent adhesion of PDMS to the SU-8 structures. After silanizing the masterwafer once, no adhesion of polymer was observed, so a high reliability was achieved.
When the nanoslit height is in the submicrometer range, the polymer to mold the structure should posses sufficient mechanical properties. Such as certain elastic stiffness to minimize deformation and collapse of the nanoslit [31] on the one hand. On the other hand, it had to be flexible to allow peel-off of the masterwafer. A double layer of h-PDMS [20] and PDMS proved to be sufficient. To check if the ridges sag or even close the nanochannel, passability tests were performed with appropriate nanobeads for different layouts, heights and lengths of the ridge, see also figure 3. For nanochannels of height larger or equal to 520 nm, 500 nm beads were used. The beads were driven electrophoretically through the channel and passed the nanoslit, over the whole channel width, without being stopped. So the flow through height of the nanoslit could be assumed to be more than 500 nm, when the beads could not pass otherwise. For 180 and 126 nm nanoslit heights 100 nm beads were used. Here, the beads could pass the nanoslit over the whole channel width only for the 180 nm nanoslit height. The 126 nm nanoslit (width-to-height aspect ratio of 1122:1) collapsed and was not passable (not shown). The ridges were arranged perpendicular to the long channel axis reducing the flow through height over the full microchannel width. But nanochannel layouts with reduced width and height, relative to the microchannel, are possible as well, i.e. one or several nanochannels connect two microchannels.
Based on these results, we have shown stable aspect ratios up to 873:1 that is 14.5 times better than the previously published results of Mao with an aspect ratio of about 60:1, using PDMS [17] , and 3.5 times better than the results of Mao et al with an aspect ratio of 250:1 for using glasssilicone structures [32] . In figure 3 , the beads are depicted as longish structures when passing the nanoslit, especially for the trapezoidal ridge. This is due to the fast migration according to the high electric field within the nanoslit.
One possible application of the three-dimensional insulating structures is for dielectrophoretic manipulation [8] . Here, the miniaturized structures were used to detect DNAcomplexes in a gel-free application without specific matrices. Therefore, the analyte of interest (DNA) was injected into the structured channel via pinched injection as described above. In figure 4 the fluorescence intensity is plotted versus time for two different DNA fragments and two DNA-complexes. For all three experiments, a clear peak-shift is visible, i.e. the analytes migrate with different velocities. In analogy to EMSA, this indicates two different species or complex formation, respectively. It stands out that for both complexes the pure DNA exhibits a higher velocity, i.e. the maximum fluorescence intensity appears earlier than for the complex. This is equivalent to larger polarizabilities of the DNA-complexes, also shown in [29] . Although manipulation and separation by dielectrophoresis of cells or DNA was presented earlier [7, 25, 26] , only the miniaturization toward nanoslits allowed determination between pure DNA and DNA-complexes as demonstrated with the DEMSA. In figure 5 , the corresponding EMSA experiments are depicted. Clear shifts could be detected for all three analytes. The EMSA had a runtime of 3 h [18] , whereas the time to detect a shift was in all DEMSA experiments about 30 s. Even when taken into account the time for plotting the molecules' distribution, the DEMSA is much faster than the EMSA.
Conclusion
We presented a fabrication process of nanochannels with the lack of chemical or physical etching by using soft lithography with poly(dimethylsiloxane). The nanochannels were formed by ridges that reduce the height of a microfluidic channel. Passability experiments were performed to prove the stability of the nanochannels. Different ridge layouts and width-toheight aspect ratios were investigated. Stable nanochannels with height down to 180 nm and width-to-height aspect ratio up to 873:1 could be fabricated reproducible. Additionally, by exploiting these devices, the new technique of dielectrophoretic mobility shift assays (DEMSA) was introduced and proved sufficient to detect DNAcomplexes. Therefore, the migration of pure DNA and DNAcomplexes was monitored in an array of nanochannels. Within less than 30 s a clear shift could be detected, indicating two species of molecules. Together with the fact that this approach is inherently independent of toxic agents, future applications in molecular biotechnology and medicine can be implemented in more compliant way with respect of the concerns of safety regulation in drug administration.
With the presented technique, fast prototyping of new nanofluidic devices is possible. Enabling novel insides into theory of nanochannels and development of three-dimensional layouts for wide fields of bioanalysis and purification methods, e.g. based on DEP [23] [24] [25] [26] 33] as presented with the DEMSA.
